Introduction
============

Image-guided neurosurgery based on neuronavigation is widely used and has become an essential tool for intracranial neurosurgery in recent decades \[[@b1-usg-14054]-[@b3-usg-14054]\]. However, the accuracy of neuronavigation systems based on preoperative imaging data is limited due to intraoperative changes such as "brain shift." Brain shift may be caused by various factors, including the effect of gravity on the brain, loss of cerebrospinal fluid (CSF), pneumocephalus, brain swelling, and surgical procedures \[[@b4-usg-14054],[@b5-usg-14054]\]. Both intraoperative magnetic resonance imaging (MRI) and intraoperative computed tomography (CT) are able to address this limitation \[[@b6-usg-14054],[@b7-usg-14054]\]. Unfortunately, these techniques require long image acquisition times, enormous economic investment, special surgical equipment, and specialized workspaces. In addition, intraoperative CT is rarely acceptable for pediatric patients because of the ionizing radiation \[[@b2-usg-14054]\]. Further improvements in imaging modalities, such as advanced intraoperative ultrasonography (IOUS), present a promising alternative. IOUS is truly produced in real time. The ability to depict realtime anatomic data during a surgical procedure is very useful for surgical decision making. IOUS is an effective way to localize and characterize juxtacortical lesions and to assist with the monitoring of the surgical field for the improvement of resectability and reduction of the risk of parenchymal injury \[[@b2-usg-14054],[@b8-usg-14054],[@b9-usg-14054]\]. The aim of this study was to review the clinical application of IOUS and to show representative cases of IOUS as an effective tool for neuronavigation.

Basic Considerations
====================

IOUS requires a high-end ultrasound machine, combined with a 5-7-MHz sector transducer and a 7-12-MHz linear transducer, for optimal lesion detection and depiction. The transducer should be wrapped in a sterile sheath and applied directly to the intact dura or the exposed brain through craniostomy. The use of sterile saline before the application of the transducer improved the acoustic coupling ([Fig. 1](#f1-usg-14054){ref-type="fig"}). An overview of the cerebral structures is easily obtained using a sector transducer with deep penetration to identify reliable anatomic landmarks. Both the anechoic CSF in the lateral ventricle and the echogenic falx cerebri are useful landmarks for lesion orientation. During the examination, the insonation depth can be sequentially reduced to provide more detailed observations \[[@b8-usg-14054]-[@b10-usg-14054]\]. With a relatively high-frequency linear transducer, the low-echoic cortical ribbon can be differentiated from the brighter echogenicity of the subcortical white matter ([Fig. 2](#f2-usg-14054){ref-type="fig"}).

Color Doppler ultrasonography is useful for the evaluation of tumor vascularity. It can provide important anatomical information about the location of feeding and draining vessels and the displacement of normal brain vessels ([Fig. 3](#f3-usg-14054){ref-type="fig"}). The power mode may be recommended for the depiction of low-flow vessels within tumors. The pulse repetition frequency should be set as low as possible to avoid aliasing in normal vessels \[[@b11-usg-14054],[@b12-usg-14054]\].

Localization of Brain Tumors
============================

The goal of cerebral glioma surgery is not only maximal but also safe tumor resection; that is, the maximum neurologically permissible tumor volume should be resected, but eloquent areas must be spared and neurological damage minimized. These two antagonistic goals can be achieved through accurate localization of the extent of tumors, and intraoperative mapping of eloquent areas required for functions such as language, sensation, or movement. The main advantage of IOUS in brain tumor surgery lies in its realtime property. It can generate a complete overview of the tumor and the surrounding structures within seconds ([Fig. 4](#f4-usg-14054){ref-type="fig"}). In deepseated lesions, IOUS can be used to find a suitable cleavage plane for resection. It also allows sonographic guidance of a tumor biopsy or puncture of the cystic tumor components. IOUS can repeatedly evaluate the extent and location of residual tumorous tissue at any stage of the operation. This greatly facilitates both resection control and the goal of safe but maximum volume reduction. In diffuse infiltrating gliomas, the extent of resection is associated with survival and ultrasonography has the potential to increase the extent of resection and thereby increase survival \[[@b11-usg-14054]-[@b14-usg-14054]\].

The evaluation of echogenicity depends on the tumor components. Most tumors are hyperechoic when compared with the surrounding brain tissue. In gliomas, the echogenic patterns change with increasing tumor grades. High-grade gliomas often show a heterogeneous pattern with a hypoechoic necrotic portion ([Fig. 5](#f5-usg-14054){ref-type="fig"}) \[[@b15-usg-14054]\]. Intratumoral calcification, as is often found in meningiomas, oligodendrogliomas, craniopharyngiomas, or cavernous angiomas, can be easily depicted as hyperechoic dots or nodules within the lesion ([Fig. 6](#f6-usg-14054){ref-type="fig"}). In contrast, peritumoral edema cannot be depicted as easily, because it is isoechogenic in comparison to the surrounding brain parenchyma ([Fig. 5B](#f5-usg-14054){ref-type="fig"}) \[[@b2-usg-14054],[@b16-usg-14054]\].

IOUS imaging can be used in brain tumor surgery to identify tumor remnants. The resection cavity should be flooded with sterile saline solution to obtain an appropriate sonic window ([Fig. 7](#f7-usg-14054){ref-type="fig"}). By integrating ultrasonography data into the neuronavigational system, we can mark and display sonographically detected residual tumors in the microscope image superimposed on the brain surface \[[@b2-usg-14054],[@b3-usg-14054],[@b14-usg-14054],[@b16-usg-14054],[@b17-usg-14054]\].

Localization of Focal Cortical Dysplasia
========================================

Medically intractable focal epilepsy is an important health issue affecting 0.15%-0.2% of the population. Focal cortical dysplasia (FCD) is the most common underlying cause in these patients \[[@b18-usg-14054]\]. The ability to define and completely excise the dysplastic cortex is the most important factor for determining surgical outcomes in patients with FCD \[[@b19-usg-14054],[@b20-usg-14054]\]. Because imaging plays such a vital role in preoperative planning in patients with intractable epilepsy, there is strong interest in the use of high-end technologies to improve the rate of lesion detection. Despite the use of modern imaging techniques, the intraoperative definition of cortical dysplasia can be challenging. During surgery, it is difficult for the surgeon to distinguish dysplastic lesions from the normal cortex for several reasons: first, visual and tactile differentiation can be difficult; second, the spatial accuracy of neuronavigation based on preoperative MRI images may be weakened by brain shift, and electrocorticographic recordings only provide two-dimensional information about the epileptogenic zone \[[@b21-usg-14054],[@b22-usg-14054]\]. There is thus a need for unique intraoperative imaging methods. IOUS can depict cortical dysplasia with high resolution. This is particularly true in type-IIB FCD. Type-IIB FCD is usually the subtype of FCD best visualized by MRI ([Fig. 8](#f8-usg-14054){ref-type="fig"}), whereas type-1 FCD lesions are more difficult to visualize. The extent to which IOUS can contribute to resection control and the postoperative outcomes will therefore depend on further comparative studies.

MRI-negative focal symptomatic epilepsy constitutes only 16% of the cases with focal symptomatic epilepsy and has a surgical success rate of only 38% \[[@b23-usg-14054]\]. The surgical outcome depends on the extent of cortical dysplasia resection required \[[@b24-usg-14054]\]. Chassoux et al. \[[@b25-usg-14054]\] reported a high rate of freedom from seizures (88%) following surgery in this group; however, 20% of the patients underwent a further procedure.

Drainage of Entrapped Ventricle
===============================

The symptoms of hydrocephalus can be relieved using ventriculostomy. In this procedure, an external ventricular drain (EVD) placed into the cerebral ventricles removes excess CSF. In approximately 50% of the cases, free-handed EVD cannulation results in misplacement, increasing the risk of iatrogenic complications. Current technical approaches to improve ventriculostomy guidance are often considered too complex or inaccurate \[[@b26-usg-14054]\].

IOUS guidance can be used to detect and localize the targeted ventricle. A transfontanelle approach is good for the visualization of the catheter tip in the lateral ventricle ([Fig. 9](#f9-usg-14054){ref-type="fig"}), and both the transfontanelle and the transmastoid approaches are appropriate for the visualization of the catheter tip in the entrapped lateral ventricle or the fourth ventricle \[[@b26-usg-14054]-[@b28-usg-14054]\].

Recent Developments
===================

Contrast-enhanced ultrasonography has shown promising results for both displaying and monitoring tumor vascularization. Intraoperative contrast-enhanced ultrasonography is useful, particularly in tumors with ill-defined borders on B-mode ultrasonography, in highlighting the lesion and its boundaries, and in possibly differentiating between the tumor and the edematous brain tissue \[[@b29-usg-14054]\]. A novel technique of elasticity imaging, called shearwave elastography (SWE), could be employed to improve the detection of epileptogenic foci. This is a noninvasive tissue elasticity imaging technique that maps tissue stiffness in real time. Using intraoperative SWE, we can outline dysplastic lesions as abnormally stiff lesions compared to the normal brain \[[@b30-usg-14054]\]. Ultrasound-linked neuronavigation plays an important role in the improvement of surgical accuracy when applied for the detection of brain shift. Real-time intraoperative fusion imaging between preoperative imaging and IOUS for virtual navigation allows true real-time feedback during surgery and is less expensive and time-consuming than other intraoperative imaging techniques. Moreover, the adjustments are very helpful in correcting brain shift and tissue distortion \[[@b31-usg-14054]\].

Limitations
===========

IOUS requires the knowledge of neuroradiologic abnormalities that are not routinely evaluated by ultrasonography. Radiologists who performed IOUS should be familiar with CT and magnetic resonance (MR) anatomy as well as ultrasound anatomy. The application of IOUS may be limited by difficulties in distinguishing a space-occupying lesion from normal tissue and lesions can be obscured by the surrounding edema. The ultrasonograms may sometimes be difficult to interpret in the later stage of operation in terms of whether there are remnant lesions because of surgically induced ultrasound artifacts. Its role may also be diminished by the widespread use of intraoperative CT and MRI. Additionally, IOUS guidance by a radiologist requires a large time commitment.

Conclusion
==========

IOUS is a noninvasive imaging modality that improves lesion detection and localization and contributes to resection control in pediatric tumor and epilepsy surgery. It also improves the safety and accuracy of ventricular drainage, particularly in cases of complicated ventricle dilation. IOUS has an alternative role in combination with MR and CT techniques. Large-scale studies are recommended to validate the utility of intraoperative sonography compared with intraoperative as well as preoperative MRI or CT.
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![Intraoperative ultrasonography procedure.\
A 10-year-old girl presented with cerebellar pilocytic astrocytoma. The transducer is applied directly to the exposed cerebellum through craniostomy. Sterile saline solution filled the craniostomy defect to improve the acoustic coupling.](usg-14054-f1){#f1-usg-14054}

![Juxtacortical anatomy.\
A. Cortical gray matter shows hypoechogenicity (arrows) as compared to subcortical white matter on ultrasonography (US). Anechoic intraventricular cerebrospinal fluid (asterisk) is a useful landmark for intraoperative US neuronavigation. B. Color Doppler US can differentiate subdural fluid collection (asterisk) from subarachnoid fluid collection. Note the thin echogenic line suggesting the arachnoid membrane (arrowheads).](usg-14054-f2){#f2-usg-14054}

![A 9-year-old girl with frontal lobe epilepsy.\
A. An axial T2-weighted image shows a well-defined high signal intensity lesion in the right frontal subcortical white matter (arrow). B, C. This lesion shows high signal intensity on a T1-weighted image (B), and additional contrast enhancement (C) is not obvious (arrows). D, E. Intraoperative ultrasonography (US) shows a well-defined hyperechoic lesion in the right frontal subcortical white matter (D, arrows). Color Doppler US (E) shows prominent peripheral vascularity. Pathology revealed a ganglioglioma.](usg-14054-f3){#f3-usg-14054}

![A 10-year-old boy with intractable left temporal lobe epilepsy.\
A, B. Preoperative axial (A) and coronal (B) T2-weighted images show localized cortical thickening with subcortical hyperintensity in the left temporal lobe (arrows). C. Intraoperative ultrasonography through left temporal craniostomy reveals gyriform hyperechogenicity in the left superior temporal gyrus (arrows). Pathologic diagnosis was a ganglioglioma.](usg-14054-f4){#f4-usg-14054}

![A 13-year-old boy with a pathologically proven primitive neuroectodermal tumor.\
A. Postoperative axial T2-weighted image shows an ill-defined hyperintense mass in the right parietal lobe with the surrounding edema. Note the central bright signal intensity area, which suggests intratumoral necrosis (arrow). B. Intraoperative ultrasonography demonstrates an ill-defined hyperechoic mass with a central low echoic portion (arrow) that corresponds to the central hyperintense area on the T2-weighted image. The mass and the surrounding edema are poorly differentiated. The pathologic report revealed a recurrent primitive neuroectodermal tumor.](usg-14054-f5){#f5-usg-14054}

![A 16-year-old girl with intractable left frontal lobe epilepsy.\
A. An axial T2-weighted image shows a lobulated contour, high signal intensity lesion in the left frontal precentral cortex (arrows). B. Intraoperative ultrasonography shows a well-defined hyperechoic lesion confined to the precentral cortex (arrows). Note the arc-like dense hyperechogenicity within the lesion (arrowheads). C. The hyperechoic arc corresponds to calcification on the preoperative brain computed tomography (arrow). Pathology revealed a ganglioglioma.](usg-14054-f6){#f6-usg-14054}

![A 4-year-old girl with right temporal lobe epilepsy.\
A, B. Preoperative magnetic resonance images reveal a focal cystic lesion in the right temporal lobe (arrows). Note the ill-defined hyperintensities in the surrounding cortex and the subcortical white matter (arrowheads, B). C. Intraoperative ultrasonography (US) through the right temporal craniostomy shows a well-defined cystic lesion in the periventricular white matter (arrow). Note the illdefined hyperechogenic area at the caudal aspect of the cystic lesion (asterisk). D. After the resection of the cystic lesion in the temporal periventricular white matter with the adjacent cortex and the subcortical white matter, fluid-filled surgical defects (arrows) are clearly seen on US. However, the ill-defined hyperechoic area in the caudal part of the surgical defect remains (asterisk). Anechoic cerebrospinal fluid and hyperechoic choroid plexus (arrowheads) can be used as anatomic indicators. The pathologic diagnosis was a ganglioglioma. E. A methionine positron emission tomography-computed tomography image obtained 1 year later demonstrates residual tumors in the right temporal lobe (arrow).](usg-14054-f7){#f7-usg-14054}

![A 2-month-old girl with intractable left frontal lobe epilepsy.\
A, B. Preoperative axial (A) and coronal (B) T2-weighted images show a localized thickening of the left frontal cortex (arrows). C. Ictal single photon emission computed tomography shows a hypermetabolic lesion in the corresponding left frontal lobe (arrows). D. Intraoperative ultrasonography (US) through a frontal craniostomy reveals a well-defined hyperechoic lesion in the left frontal cortex extending into the subcortical white matter (arrows). Note the band-like cortical hyperechogenicities (arrowheads), which are connected to the focal hyperechoic cortical lesion (arrows) in the left frontal lobe. E. Intraoperative US reveals complete surgical resection of the left frontal lobe lesions (arrows). The frontal horn of the left lateral ventricle serves as an anatomic indicator (asterisk). The pathologic diagnosis was type-II focal cortical dysplasia.](usg-14054-f8){#f8-usg-14054}

![A 3-month-old boy with hydrocephalus.\
A. Preoperative ultrasonography (US) through anterior fontanelle shows dilated lateral and third ventricles suggesting aqueductal stenosis. B, C. Intraoperative US though anterior fontanelle reveals intraventricular location of the catheter tip (arrows) on the coronal (B) and sagittal (C) planes. D. Cranial US through anterior fontanelle obtained 3 days after the ventriculoperitoneal shunt demonstrates the decreased size of the lateral and the third ventricles.](usg-14054-f9){#f9-usg-14054}
